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The material to be discussed here represents a departure from the usual in- 
vestigations of active transport across cell membranes, in that it deals with 
organic molecules that are not ionized and are not normally present within 
the mammalian organism. The data obtained do bear on the subject of trans- 
port  of glucose  across  cell  membranes.  The  experiments derive from  the 
postulate of Levine (1)  that insulin acts in someway to facilitate the trans- 
port  of glucose across  the  cell membrane, particularly of striated muscle. 
Since it is not possible to use glucose itself in this type of experiment,  Levine 
had recourse to monosaccharides which were not metabolized under his ex- 
perimental conditions. He measured the disappearance from the blood stream 
of sugars injected intravenously into eviscerated nephrectomized dogs,  and 
the effect of injected insulin on this rate of removal. From the  equilibrium 
concentrations obtained, he calculated the apparent volume of distribution. 
In  general,  his  findings were  that  in  the  absence of injected insulin,  the 
volume of distribution was of the order of that represented by the extracellular 
phase. Those sugars which had the same stereochemical configuration about 
carbon atoms 1, 2, and 3 as had D-glucose became distributed into a volume 
equivalent  to  total  body water  in  the  animals  injected with  insulin,  but 
insulin had  no  effect on  the volume  of distribution  of sugars  of different 
stereochemical configurations. 
The experiments which were carried out in this laboratory (2)  were de- 
signed to determine which organs and tissues showed this insulin effect on 
transport of sugars. While some question may be raised about the validity of 
transferring  the  conclusions  from  non-metabolized  sugars  to  the  case  of 
glucose, the data obtained do contribute to our knowledge of active transport. 
While they may not serve as proof that an active process is involved, they do 
rule out passive diffusion as  the mechanism in most organs.  On  the  other 
hand, in the case of liver, there is a strong presumption in favor of a passive 
process. 
The experimental work presented in this paper was  supported  in part  by a  grant from the Na- 
tional Institutes  of Health, United States  Public Health Service, 
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The experimental technique was to fast the cats overnight, to reduce the 
secretion  of  insulin,  perform  bilateral  nephrectomy  under  pentobarbital 
anesthesia, inject 1 gm. per kg. body weight of pentose intravenously, and 3 
hours later prepare protein-free filtrates of plasma and tissues for determina- 
tion of pentose and  chloride.  From the values obtained  the pentose space 
and chloride space were calculated.  When insulin was used, it was injected 
subcutaneously in a dose of 5 units per kg. immediately after the injection of 
the pentose. The time of 3 hours was chosen because Levine had found that 
the concentration in the blood had fallen to its minimum value by this time. 
The use of the nephrectomized animal limited the number of sugars which 
TABLE  I 
EFFECT OF  INSULIN ON  PENTOSE  SPACE OF TISSUES OF CAT 
Figures are tissue concentration as per cent of plasma concentration. 
Peatme qmce 
t.,.Arabia~  ~X~  v-Arabino~  ~X~,lo~ 
T'muc  Chloride ~ace  Control  Imulin  Control  Imulin  Control  Imulin  Control  Imulin 
Intestine  46  49  55  50  56  51  46  47  49 
Lung  62  66  69  66  68  61  67  62  68 
Spleen  48  42  40  39  48  50  55  43  50 
Skin  39  31  43  43  34  39  34  36  33 
Brain  39  48  65  58  74  5  5  3  3 
Heart  35  42  71  48  74  35  43  36  46 
Liver  37  79  86  79  78  75  81  73  72 
Muscle  16  13  30  20  34  23  20  15  17 
could be tested, but allowed the sampling of many more tissues than would 
be possible in the eviscerated preparation. 
Since it is generally recognized that cMoride is present only in the extra- 
cellular phase of most fixed tissues, the relative values of pentose space and 
chloride  space  served  as  index  of whether  the  injected  pentose had  been 
transferred to the cell interior. Where the pentose space and chloride space 
were of the same order, the reasonable inference is that the pentose remained 
in the extraceUular phase. On the other hand, a  pentose space much larger 
than the chloride space can be taken as evidence for intracellular penetration 
of the pentose. In no case was the concentration of pentose in the tissue water 
greater than that in the water of plasma, and therefore no movement against 
concentration gradient was encountered. 
The data obtained are summarized in Table  I,  for the pairs of enantio- 
morphs: L- and D-arabinose,  and D- and L-xylose. The first named member 
of each pair has the same stereochemical configuration about carbon atoms 
1,  2,  and  3  as  does D-glucose,  and  therefore comes within  the group  that 
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The  tissues can be  divided into four groups on the basis  of the relative 
pentose and chloride spaces.  In the small intestine, lung,  spleen, and skin, 
there does not appear to be any intraceUular penetration of any of the four 
pentoses tested,  without regard  either  to steric  configuration or  treatment 
of the animal with insulin.  In the heart  and  brain,  there appears  to  be  a 
considerable entry of L-arabinose and D-xylose into the cell interior even in 
the absence of exogenous insulin, and insulin treatment of the animal aug- 
ments this effect. The presence of the insulin effect would suggest that  an 
active  process  is  involved.  Liver  shows  essentially  complete  intracellular 
entry of all the sugars tested, without regard to steric configuration or ad- 
TABLE  II 
EFFECT OF  INSULIN ON  INTRACELLULAR PENETRATION  OF 
L-ARABII~OSE AND  D-XYLOSE INTO  TISSUES 
Figures  are  concentrations  in tissue water as per cent  of concentration  in 
plasma water. 
s~Arabinoee  D-Xylose 
Tissue 
Conu'ol  Imulin  Conu'ol  Insulin 
Brain  57  77  69  87 
Heart  52  87  59  90 
Liver  97  98  95  96 
Muscle  16  37  24  42 
D-Arabinoee  L-Xylme 
Liver  92  98  86  89 
Water  content  of tissues  taken  as 75 per cent of wet weight; of plasma taken as 92 per cent Of 
volume. 
ministration  of insulin.  The  reasonable  interpretation  in  this  case  is  that 
passive diffusion is adequate to account for the findings. Since this finding is 
so different from the others,  the view that  an active process is involved in 
heart and brain is strengthened. 
The  most marked effect of insulin is  seen on striated  muscle.  Here  the 
correspondence between  pentose  space  and  chloride  space  in  the  control 
animals is very close, and there is a  very definite stereospecific effect of in- 
sulin producing entry of only n-arabinose and D-xylose into the ceU interior. 
This penetration is nowhere near  as complete as in the liver.  This point is 
emphasized in Table II, in which the concentrations of pentose in the water 
of the tissues have been expressed as percentage of the concentration in the 
water of plasma. In the brain and heart, the insulin effect does lead to nearly 
equal concentrations in tissue and plasma water. 
Another example of the  stereospecific nature  of the  transport process  is 
seen with respect to the passage of the pentoses into the brain.  Whereas L- I32  PHYSIOLOGY  OF  CELL  MEMBRANE 
arabinose and o-xylose show considerable intracellular penetration even in 
the  absence  of injected  insulin,  and  some  augmentation of transfer  with 
insulin treatment, the enantiomorphs show a  concentration far below that 
equivalent to  what would be  expected from the  chloride space.  The only 
:reasonable explanation is that these foreign substances do not penetrate the 
blood-brain barrier. 
Another finding by Levine and his coworkers (3) was that muscular activity 
had an effect  similar to that of insulin in increasing the volume of distribution 
of the responsive sugars. This raises the question of whether the same mecha- 
nism is  operating in  the  two  cases.  The problem was  approached experi- 
mentally (4)  by borrowing a technique of the enzymologist. When the same 
type of reaction can take place with two substrates,  the enzymologist con- 
TABLE  III 
EFFECT  OF  MUSCULAR  ACTIVITY  PLUS  INSULIN  ON' PENTOSE 
SPACE  OF MUSCLE 
Stimulation of muscle at rate of one pet= second for one hour,  beginning 30 
minutes after injection of pentose. Insulin injected at same time as pentose. 
L-Arabinose  I>-Xyloae 
Resting,  control  17  23 
Stimulation  28  36 
Insulin, resting  28  27 
Insulin plus stimulation  42  44 
siders that the same enzyme is operating when the sum total activity in the 
presence of the two substrates is the same as with either one alone; i.e.,  the 
two substrates compete with each other. If the sum total of reaction product 
is greater with both substrates present than with either one alone, an additive 
effect, it is considered that two different enzymes are involved. The experi- 
ment was tried in the following way: pentose and insulin were injected into 
the nephrectomized cat as before, and one gastrocnemins muscle was then 
subjected to contractions against load at the rate of one per second for one 
hour. The findings, summarized in Table III, were that the effects of insulin 
and  muscular work were additive.  The  presumption therefore is  that  the 
two agents operate by different mechanisms. 
There has  been  considerable speculation  that  the  entry of glucose into 
the cell interior requires phosphorylation as the initial step.  If the findings 
of these experiments can be transferred from the non-metabolized pentoses 
to glucose, then it follows that no phosphorylation is involved in the initial 
stage of the entry of glucose into the cell interior. There is no enzyme known 
in any mammalian tissue which phosphorylates arabinose or xylose. SACXS  Insulin and  Transport of Sugars across Cell Membranes  t33 
To what extent can the data obtained from these organic compounds be 
applied to the questions of interest to the workers in the field of active trans- 
port of ions? One point that becomes apparent is that any hypothetical pores 
through which these molecules pass  must  be  larger  than the  pores for an 
ion, since the volume of the molecule is larger than that of a hydrated ion. A 
second point is that these pores must be specific not only for size but for steric 
configuration of the entering molecule. Also, in the case of striated muscle, 
these pores must be presumed to be closed normally, and to be opened only 
by the action of insulin or the contraction process. Since the work of Stadie 
(5) has established that insulin is bound to specific sites on the cell surface of 
muscle, it is permissible to postulate that the locus on the cell surface through 
which the sugar molecule enters is a  complex of the active center with in- 
sulin. The steric specificity could reside in either the active center on the cell 
surface or in the complex with insulin.  It can also be stated that if there is 
such a complex, then only carbon atoms 1, 2, and 3 are attached to the active 
center. Another analogy with enzymology can be drawn upon here. Ogston 
(6)  has  proposed  a  three-point contact between enzyme and  substrate  to 
account for the steric specificity of enzymatic reactions, and this concept has 
had ample experimental confirmation. A similar three-point contact between 
sugar molecule and active center on the cell membrane can serve as an ade- 
quate  basis  for  the  specificity found in  these  experiments.  In  the  case  of 
muscular activity, it would appear that a different specific locus on the cell 
surface, with similar three-point contact, can serve as the mechanism that 
permits entry of the  sugar molecule.  However, these  possible  mechanisms 
which permit the transport fall considerably short of explaining the driving 
force of the process. The matter is simplified to some extent because these 
transports do not involve movement against concentration gradient. 
The other aspect of the subject, the mechanism by which the sugars which 
do not possess the necessary steric configuration are excluded from entry, can 
be accounted for adequately on the basis of the three-point contact postulate. 
The inability to form the  complex with the  active site would prevent the 
molecule from orienting itself in such a  position that it could enter the cell 
interior.  The exclusion would thus be  a  passive process,  not requiring the 
expenditure of energy by the cell, such as has been postulated in the sodium 
pump of the neurophysiologists. 
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